Atherosclerosis, in its myriad incarnations the foremost killer disease in the industrialized world, is characterized by aberrant proliferation of vascular smooth muscle (VSM) cells in part as a result of the recruitment of inflammatory cells to the blood vessel wall. The epoxyeicosatrienoic acids are synthesized from arachidonic acid in a reaction catalyzed by the cytochrome P450 system and are vasoactive substances. Metabolism of these compounds by epoxide hydrolases results in the formation of compounds that affect the vasculature in a pleiotropic manner. As an outgrowth of our observations that urea inhibitors of the soluble epoxide hydrolase (sEH) reduce blood pressure in spontaneously hypertensive rats as well as the findings of other investigators that these compounds possess antiinflammatory actions, we have examined the effect of sEH inhibitors on VSM cell proliferation. We now show that the sEH inhibitor 1-cyclohexyl-3-dodecyl urea (CDU) inhibits human VSM cell proliferation in a dosedependent manner and is associated with a decrease in the level of cyclin D1. In addition, cis-epoxyeicosatrienoic acid mimics the growthsuppressive activity of CDU; there is no evidence of cellular toxicity or apoptosis in CDU-treated cells when incubated with 20 M CDU for up to 48 h. These results, in light of the antiinflammatory and antihypertensive properties of these compounds that have been demonstrated already, suggest that the urea class of sEH inhibitors may be useful for therapy for diseases such as hypertension and atherosclerosis characterized by exuberant VSM cell proliferation and vascular inflammation. E icosanoids serve both paracrine and autocrine functions in a variety of cells including those of the vasculature. The cis-epoxyeicosatrienoic acids (EETs), epoxides of arachidonic acid comprising one class of eicosanoid, consist of four regioisomers that are synthesized from arachidonic acid in a reaction catalyzed by the cytochrome P450 system (1). These compounds are synthesized by endothelial cells and are taken up rapidly by arterial vascular smooth muscle (VSM) cells (2-4). Because VSM cells function to control vascular tone and contribute to the pathogenesis of atherosclerosis, the effects of EETs and their metabolites on VSM cells is of broad clinical interest.
Atherosclerosis, in its myriad incarnations the foremost killer disease in the industrialized world, is characterized by aberrant proliferation of vascular smooth muscle (VSM) cells in part as a result of the recruitment of inflammatory cells to the blood vessel wall. The epoxyeicosatrienoic acids are synthesized from arachidonic acid in a reaction catalyzed by the cytochrome P450 system and are vasoactive substances. Metabolism of these compounds by epoxide hydrolases results in the formation of compounds that affect the vasculature in a pleiotropic manner. As an outgrowth of our observations that urea inhibitors of the soluble epoxide hydrolase (sEH) reduce blood pressure in spontaneously hypertensive rats as well as the findings of other investigators that these compounds possess antiinflammatory actions, we have examined the effect of sEH inhibitors on VSM cell proliferation. We now show that the sEH inhibitor 1-cyclohexyl-3-dodecyl urea (CDU) inhibits human VSM cell proliferation in a dosedependent manner and is associated with a decrease in the level of cyclin D1. In addition, cis-epoxyeicosatrienoic acid mimics the growthsuppressive activity of CDU; there is no evidence of cellular toxicity or apoptosis in CDU-treated cells when incubated with 20 M CDU for up to 48 h. These results, in light of the antiinflammatory and antihypertensive properties of these compounds that have been demonstrated already, suggest that the urea class of sEH inhibitors may be useful for therapy for diseases such as hypertension and atherosclerosis characterized by exuberant VSM cell proliferation and vascular inflammation. E icosanoids serve both paracrine and autocrine functions in a variety of cells including those of the vasculature. The cis-epoxyeicosatrienoic acids (EETs), epoxides of arachidonic acid comprising one class of eicosanoid, consist of four regioisomers that are synthesized from arachidonic acid in a reaction catalyzed by the cytochrome P450 system (1) . These compounds are synthesized by endothelial cells and are taken up rapidly by arterial vascular smooth muscle (VSM) cells (2) (3) (4) . Because VSM cells function to control vascular tone and contribute to the pathogenesis of atherosclerosis, the effects of EETs and their metabolites on VSM cells is of broad clinical interest.
Epoxide hydrolases are enzymes that, broadly defined, convert epoxides to diols by the addition of water (5) . Although these enzymes have been studied largely in light of their roles in degrading and detoxifying mutagenic xenobiotics, at least the soluble epoxide hydrolase (sEH) also is critical in the control of EET levels because of its ability to catalyze the degradation of the EETs into diols (6) . Because of the vasoactive properties of the EETs, pharmacological attenuation of sEH activity, which causes a secondary increase in EET levels (7), has been studied with an eye toward potential clinical utility in the regulation of vascular tone and remodeling in humans.
Studies in other laboratories have established that various EET regioisomers cause either vasodilatation or vasoconstriction in a variety of vascular beds (8) (9) (10) and that they possess antiinflammatory properties (11) . Based on these findings, sEH inhibition is a potentially attractive pharmacological approach to human hypertension. One such inhibitor, N,NЈ-dicyclohexyl urea (DCU), has been shown to lower systemic blood pressure in spontaneously hypertensive rats (7) . Because of the antiinflammatory and now antihypertensive properties of sEH inhibition, we asked whether selective sEH inhibitors also decrease VSM cell proliferation, a key pathologic mechanism in the progression from systemic hypertension to the atherosclerotic state (12) .
We now show that 1-cyclohexyl-3-dodecyl urea (CDU), a potent urea-based sEH inhibitor similar to DCU, significantly attenuates proliferation of human VSM cells, acting at a key distal point in the cell cycle regulatory cascade. Thus, further work may lead to the exploitation of sEH inhibitors or similar compounds as novel antihypertensive and antiatherosclerotic pharmaceuticals.
Materials and Methods
Materials. Human recombinant platelet-derived growth factor (PDGF)-BB was obtained from Upstate Biotechnology (Lake Placid, NY). Mouse monoclonal cyclin D1 and rabbit polyclonal cyclin E antibodies were obtained from Santa Cruz Biotechnology. phospho-mitogen-activated protein kinase (MAPK) antibody was obtained from New England Biolabs. Anti-rabbit horseradish peroxidase-conjugated IgG was obtained from Bio-Rad. Methyl-EETs were synthesized by oxidation of arachidonate methyl ester with meta-chloroperbenzoic acid (13) followed by ester hydrolysis in dilute base following the procedures of Falck et al. (14) . Regioisomeres were purified by a combination of open column and reverse-phase high performance liquid chromatography. Structural assignments were supported by g͞liter human recombinant PDGF-BB, 100 units͞ml of penicillin, 100 units͞ml streptomycin, and 2.5 g͞ml amphotericin B as described (24 (24) . To evaluate proliferation of suspension cells, cells were resuspended at 2 ϫ 10 5 cells per ml in culture medium, and the medium was supplemented with the compound of interest or the corresponding vehicle. At the indicated times, cell density was estimated by using light microscopy and a hemocytometer. To evaluate the proliferation of adherent cells directly, 2 ϫ 10 4 cells were plated in a 35-mm culture dish and allowed to adhere overnight. The medium then was supplemented with the compound of interest or the corresponding vehicle. At the indicated times, the number of cells in the plate was calculated by subjecting the cells to trypsinization, and the cell density was quantitated by light microscopy using a hemocytometer.
Western Blots. After treatment with appropriate compounds for the indicated times, cells were lysed, protein concentrations were determined by the Lowry method, and equal protein quantities were electrophoresed and Western-blotted as described (24) . All blots were reprobed with ␣-actin to confirm equal protein loading of cells.
Evaluation of Nuclear Morphology. Cells were seeded in 35-mm dishes and treated as described. At the indicated times, the medium was aspirated, and the cell culture dish was inverted over methanol for 10 min. The cells then were immersed in methanol for at least 10 min. Cells were stained in 1 g͞ml Hoechst 33258 in water with a pinch of nonfat dry milk. The nuclear morphology was evaluated visually by fluorescence microscopy. Evaluation of Cell Membrane Integrity and Toxicity. To evaluate the toxicity of compounds as indicated by cellular trypan blue permeability, cells were plated in 35-mm dishes. After 2 days the medium in the dish was replaced with fresh medium supplemented with the compound of interest or vehicle. At the indicated time posttreatment, the supernatant was removed, and adherent cells were removed by using trypsin. After dislodging the adherent cells, the cell suspension was pooled with the supernatant and centrifuged. The resulting cell pellet was resuspended, and a trypan blue solution (0.4% in normal saline) was added to the aliquot. After incubating for Ϸ5 min, the sample was evaluated by light microscopy. To evaluate lactate dehydrogenase (LDH) release, cells were harvested and plated onto 24-well plates and serum-starved for 1-2 days. Test compounds were added, and after 65 h the medium was removed for measurement of LDH activity. LDH activity was determined by NADH oxidation using a Sigma Tox-7 in vitro toxicology kit and reported as the amount of LDH activity in the medium.
Results

CDU Inhibits Human VSM Cell Proliferation.
Blood pressure is regulated by the integration of complex systems controlling intravascular volume as well as arterial tone. Consistently elevated blood pressure can lead to atherosclerosis, a process that is at least caused partly by aberrant proliferation of arterial smooth muscle cells (12) and partly by a generalized inflammatory condition (17) . Thus, medications that result in systemic antihypertensive and antiinflammatory effects as well as attenuation of VSM cell proliferation would provide a three-pronged attack on the atherosclerotic process. Urea-derived compounds showing in vitro inhibition of sEH have shown both antiinflammatory and antihypertensive effects (7). We therefore asked whether, in addition, there is a direct effect of these substances on VSM cell proliferation using early passage human aortic VSM cells.
Among the most potent inhibitors of the sEH that we have developed is CDU (K i ϭ 20 Ϯ 2 nM; refs. 16 and 18), which seems to act as a tight binding transition state analog of the substrate (19) . When incubated with human VSM cells, CDU demonstrates a dose-dependent inhibition of DNA synthesis when the cells are stimulated to grow with either PDGF-BB (Fig. 1a) or 10% serum (Fig. 1b) at CDU concentrations from 1.0 to 20 M. Inhibition of cell proliferation by CDU paralleled inhibition of [ 3 H]thymidine incorporation at 12 M as confirmed by direct counting of trypsinized cells (Fig. 1c) . The differences in potency of CDU between serum and PDGF-BB-stimulated cells likely is caused by enhanced protein binding of CDU in serumcontaining medium, causing it to be inaccessible to the cell replicative machinery, because the experiments using recombinant PDGF-BB are performed in the presence of significantly lower quantities of serum proteins. [ 3 H]thymidine incorporation in human foreskin fibroblasts, which have similar characteristics to VSM cells, was inhibited also by CDU at similar concentrations to those in human VSM cells (Fig. 1d) .
One possible means by which CDU attenuates cellular incorporation of thymidine is through inhibition of thymidine uptake into the cell (20) , an event that is not synonymous with incorporation of thymidine into DNA. This finding, if true, would eliminate the use of [ 3 H]thymidine as an accurate measure of cell proliferation. To evaluate whether CDU inhibits thymidine uptake independently of proliferation, VSM cells were incubated with [ 3 H]thymidine for time periods ranging from several seconds to several minutes in the presence of either 12 M CDU or DMSO vehicle. Quantification of thymidine uptake by liquid scintillation counting revealed that cellular uptake of thymidine uptake occurs to a similar extent irrespective of CDU or DMSO vehicle treatment (Fig. 1e) .
To determine whether CDU inhibits proliferation of cell types other than normal mesenchymal cells, we evaluated the influence of this compound on the proliferation of other unrelated cell lines. HL-60 cells are derived from a human promyelocytic cell line widely used as a system to model human neutrophils (reviewed in ref. 21) . Whether seeded in the presence of 12 M CDU or the corresponding vehicle, HL-60 cells proliferated to a similar extent (Fig. 2) . There was a similar lack of effect of CDU on cells derived from the highly metastatic breast tumor Met-1 (22) when incubated with up to 20 M CDU (data not shown).
EETs Act with CDU to Inhibit VSM Cell Proliferation. Because inhibition of sEH results in the accumulation of EETs in mice injected with DCU (7), the effect of sEH attenuation would be expected to be replicated by the addition of various EET regioisomers. A solution containing a mixture of EET-free acids (1:1:1) was added to PDGF-BB-stimulated VSM cells at concentrations from 5 to 10 M (total EET concentration) both separately and simultaneously with CDU at 2.5 and 10 M. The addition separately of the EETs and CDU both caused inhibition of PDGF-stimulated [ 3 H]thymidine incorporation (Fig. 3) , and there was an apparent additive affect when both compounds were added together, suggesting a common mechanism of action.
CDU Does Not Cause Apoptosis and Is Not Toxic at the Doses Used.
Some of the data shown above could reflect cell death as the result of exposure to CDU. To test the possibility that CDU may be toxic to human VSM cells under the conditions that we have been examining, either directly or through inhibition of sEH, we used several techniques to evaluate apoptosis as well as cell death in general. There was no change in exclusion of trypan blue in cells treated with CDU at 12 M as compared with DMSO vehicle (3.1% of DMSO-treated cells as compared with 3.4% of CDUtreated cells stained blue at 8 h, and 3.4% of DMSO-treated cells as compared with 3.0% of CDU-treated cells stained blue at 24 h), and similar results were obtained when cells were stained with Hoechst 33258 (Fig 4a) , making apoptosis an unlikely cause of LDH is contained in living cells such that the appearance of this enzyme in the medium is an indication that cells have died and released this protein. VSM cells were treated with PDGF-BB or 10% serum in the presence or absence of CDU at 10 and 20 M, concentrations that showed significant inhibition of proliferation after PDGF stimulation. LDH appearance in the medium was measured and found to be unchanged in cells treated with PDGF or serum when compared with these growth stimuli in the presence of CDU (Fig. 4b) , further demonstrating the lack of toxicity of CDU in these cells. By using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay, there was also no toxicity observed in A549 lung cancer cells, HT-29 colon cancer cells, HTB-30 breast cancer cells, or LnCap prostate cancer cells when incubated with CDU up to 40 M.
Time of Addition of CDU Probes the Cell Cycle.
To ascertain which phase of the VSM cell cycle is being inhibited by CDU, we examined DNA synthesis as a function of time of addition of CDU relative to mitogen. CDU (10 M) was added to human VSM cells simultaneously with PDGF-BB (time ϭ 0) and at times ranging from 2 to 20 h after PDGF addition. In VSM cells whose cycles were synchronized by serum removal before PDGF stimulation, there was similar cell inhibition of proliferation when CDU was added simultaneously and as late as 6 h after the addition of PDGF, with the most profound inhibition occurring at 4 h (Fig. 5) . These data suggest cell cycle inhibition is occurring through modulation of proteins that act in late G 1 or at the G 1 ͞S phase transition (23) .
CDU Attenuates Cyclin D1 but Not Phospho-MAPK Levels. Because we have shown that CDU attenuates cell cycle transit most likely at late G 1 or the G 1 ͞S transition, and this is not caused by a toxic or apoptotic process, we next asked which mitogenic signaling events are being altered by this compound. We reasoned that likely candidate signaling proteins that may be activated in late G 1 after stimulation of VSM cells with mitogens such as PDGF include protein kinases in the mitogen-activated protein͞extracellular signal-regulated kinase (ERK) signaling cascade as well as com- ponents of the cyclin͞cyclin-dependant kinase͞cyclin kinase inhibitor complex.
Phosphorylation of ERK1͞2 occurs as a distal event in the MAPK cascade of signal transduction proteins in VSM and other cells after stimulation with both G protein-coupled and tyrosine kinase growth factors, and inhibition of its upstream kinase MAPK kinase (MEK) results in arrest of PDGF-stimulated VSM cells (24) . Thus, phosphorylation of ERK serves as a readout of the integrity of the upstream signaling proteins in this pathway including but not limited to Ras, Raf, and MEK. VSM cells incubated with CDU showed no change in PDGF-stimulated ERK42͞44 phosphorylation (Fig. 6) , demonstrating preservation of the integrity of the PDGF receptor͞ras͞raf͞MEK͞ERK pathway in the presence of CDU despite marked inhibition of proliferation.
The cyclins are cell cycle regulatory proteins that activate the cyclin-dependant kinases in response to a variety of growth stimuli, resulting in subsequent transit through various cell cycle checkpoints. Levels of the cell cycle regulating cyclins are increased at different times that correspond to discrete events in the cell cycle (25) ; thus, examination of levels of these proteins is a useful tool to dissect out events in the cycle that are being impacted by growth inhibitors.
After growth stimulation, cyclin D1 is increased and remains elevated as long as growth factor is present. Consistent with its role as a positive cell cycle regulator, cyclin D1 was identified as the protooncogene PRAD1 (26) . Furthermore, it has been demonstrated that overexpression of both cyclin D1 and cyclin E significantly shortens G 1 phase (27) such that a decrement in these cyclins may result in lengthening G 1 and the subsequent cell cycle inhibition. After the addition of growth factor, cyclin D1 is increased in late G 1 and S phase, leading to phosphorylation of Rb, dissociation of Rb from the E2F group of transcription factors, and subsequent transcriptional activation of proliferation-regulating genes (25) . VSM cells stimulated with PDGF-BB and incubated simultaneously with 10 M CDU for 6-18 h demonstrated a profoundly decreased induction of cyclin D1 levels when compared with DMSO vehicle-treated cells, with minimal effect on another G 1 cyclin, cyclin E (Fig. 7) .
Discussion
Eicosanoids function as potent regulators of vascular tone and have been implicated in blood pressure control (7) as well as in modulation of the inflammatory state (11) . Because atherosclerosis, which is the foremost killer disease in the western world, is both a consequence of chronic hypertension and an inflammatory disease (28) , the metabolic enzymes of the cytochrome P450 epoxygenase-derived eicosanoids represent an ideal pharmacological target for the treatment of both hypertension and atherosclerosis. The EETs, at physiologic concentrations, decrease cytokine-induced endothelial cell adhesion-molecule expression as well as leukocyte adhesion to the vascular wall (11), both processes intimately connected to atherosclerotic progression. Our findings that exogenous EETs as well as the addition of in vitro inhibitors of sEH (which also may increase cellular EET levels) decrease VSM cell proliferation suggest that this metabolic pathway is promising as a drug-therapy target.
The sEH functions in vivo to metabolize EETs to their corresponding dihydroxy derivatives (29) . This enzyme, which represents a single known and highly conserved gene product with over 90% homology between rodent and human (30), can be inhibited selectively and competitively in vitro by a variety of urea, carbamate, and amide derivatives (16, 18) . We have shown that injection of one such inhibitor, DCU, into spontaneously hypertensive rats resulted in a lowering of blood pressure. In addition, there was an increase in urinary 14,15-EET and a decrease in urinary dihydroxy derivative in these animals, which is consistent with an effect of DCU occurring on the sEH in this in vivo setting. Whether the effects of CDU, a similar urea-based sEH inhibitor, are attributable to an increase in EET levels in our tissue culture model or to modulation of a non-sEH enzyme pathway is unknown.
Because VSM cell proliferation is an integral process in the pathophysiology of atherosclerosis, our finding that CDU decreases proliferation of this cell type in vitro with no evidence of toxicity makes this compound a promising and novel approach to human hypertension, which has the potential to impact the morbidity of this disease on multiple fronts. Our results are in contrast to other studies in which EETs have been shown to be growth-stimulatory in porcine renal epithelial and aortic cell lines. In porcine aortic VSM cells, the addition of 2 M exogenous 14,15-EET was reported to increase PDGF-mediated DNA synthesis, and the potent in vitro inhibitor of epoxide hydrolases, 4-phenylchalcone oxide (31) , results in an additive increase in mitogenesis in porcine aortic VSM cells when incubated with PDGF and exogenous commercial EETs (32) . Although potent inhibitors of the sEH in vitro, the chalcone oxides actually are substrates for the sEHs that are turned over slowly. This turn over and their metabolism by glutathione S-transferases and reaction with glutathione makes the inhibition caused by the chalcone oxides transient (33) and may partially explain the differences between these and our experiments. Another group showed stimulation of LLCPK cell mitogenesis with various EETs and their sulfonimide derivatives, although in that study the 14,15-EET sulfonimide derivative tested showed an inhibitory effect after 2 days of incubation in these cells (34) . These disparities compared with our results may be caused by species differences in metabolism of EETs or differences in purity of the exogenous EET stereoisomers used. Alternatively, our use of a mixture of free acid EETs as opposed to the use of specific regioisoforms also may explain the observed differences. It is conceivable also that the growth-inhibitory function of CDU in vivo may be independent of its in vitro inhibitory effect on the sEH.
The lipid solubility of the various sEH inhibitors may be playing some role in their effects both in vivo and in vitro as well as in the bioavailability of these inhibitors in future animal and human trials. The bioavailability of a particular drug is in large part a function of its diffusibility across cell membranes and its binding to serum proteins. This diffusibility may explain the decreased magnitude of inhibition by CDU in cells stimulated by serum as compared with PDGF-BB ( Fig. 1 a and b) . It is possible that increasing the water solubility of the extant sEH inhibitors would make it bioavailable through per-oral administration. Should these compounds be engineered such that they are available orally, the VSM cell antiproliferative action of the sEH inhibitors may prove useful in a variety of vascular diseases. Reminiscent of the hydroxymethyl glutaryl (HMG)-CoA reductase inhibitors, which also inhibit VSM cell proliferation (35) , the sEH inhibitors also may prove useful in the treatment of transplant vasculopathy (36) and restenosis after angioplasty (37) , both processes that are characterized by aberrant proliferation of VSM cells. Safety of these compounds in an in vivo setting is supported by our findings of relative specificity to mesenchymal cells, because proliferation in both HL-60 promyelocytic and Met-1 breast tumor cells is not affected by CDU.
Our finding that CDU decreases VSM cell proliferation independent of MAP͞ERK phosphorylation indicates that this sEH inhibitor is affecting an event downstream of this signaling molecule. Cyclin D1 is regulated positively by p42͞p44 MAPK (38) , and our findings suggest that this may be the target of CDU. The cyclin molecules, by regulating the activity of their partner cyclindependant kinases, intimately control phase transitions in the cell cycle (25) . Thus, these proteins have been explored extensively as targets for the treatment of diseases, particularly cancer, characterized by cellular proliferation (39). Our finding that the level of cyclin D1 but not cyclin E is attenuated by CDU is entirely consistent with the role of this cyclin as a G 1 3 S phase modulator. We have found also that cyclin D1 protein abundance is not being regulated by CDU at the level of transcription (B.B.D. and R.H.W., unpublished observations), suggesting, as would be expected, that it is an alteration of stability that is controlling cellular levels of this protein. These data further suggest that these compounds in some manner may prove useful in proliferative diseases other than atherosclerosis, although our initial foray using CDU in cancer cells (by looking at the proliferation of highly metastatic mouse breast cancer cells) did not show effectiveness. It is possible that under other conditions these compounds may show antineoplastic activity.
Our findings open up avenues of exploration for the possible use of urea sEH inhibitors as antihypertension and antiatherosclerotic pharmaceuticals. Whether the VSM cell growth-inhibitory effect of these inhibitors is caused by sEH inhibition or is an effect of the ureas on other cellular substrates has not been established. However, because of the striking effects of the urea sEH inhibitors on inflammation, hypertension, and now VSM cell proliferation, it is clear that these compounds offer an approach to treatment of disease that results in atherosclerosis.
